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ABSTRACT
We have selected SDSS J222032.50+002537.5 and SDSS J142048.01+120545.9 as best
blazar candidates out of a complete sample of extremely radio–loud quasars at z > 4, with
highly massive black holes. We observed them and a third serendipitous candidate with simi-
lar features (PMN J2134–0419) in the X–rays with the Swift/XRT telescope, to confirm their
blazar nature. We observed strong and hard X–ray fluxes (i.e. αX∼<0.6, where F (ν) ∝ ν−αX
in the 0.3–10 keV observed energy range, ∼1–40 keV rest frame) in all three cases. This al-
lowed us to classify our candidates as real blazars, being characterized by large Lorentz factors
(∼ 13) and very small viewing angles (∼ 3◦). All three sources have black hole masses ex-
ceeding 109M⊙ and their classification provides intriguing constraints on supermassive black
hole formation and evolution models. We confirm our earlier suggestion that there are differ-
ent formation epochs of extremely massive black holes hosted in jetted (z ∼ 4) and non–jetted
systems (z ∼ 2.5).
Key words: Galaxies: active — quasars: general — radiation mechanism: thermal — X–ray:
general
1 INTRODUCTION
Blazars are radio–loud Active Galactic Nuclei (AGN) with rel-
ativistic jets oriented along our line–of-sight (Urry & Padovani
1995). The viewing angle θv is smaller or comparable to the jet
beaming angle, hence the jet emission is strongly boosted because
of relativistic effects. The strong boosting makes blazars particu-
larly luminous and hence visible up to very high–redshift. Never-
theless, before our works (Sbarrato et al. 2012; 2013a, b; Ghisellini
et al. 2014), the only known blazars at z > 4 were discovered
serendipitously.
In general, the Spectral Energy Distribution (SED) of a blazar
is dominated by the jet emission over the whole energy range (from
radio to γ–ray emission) and consists of two broad humps, pro-
duced by synchrotron (at low frequencies) and Inverse Compton
(IC) emissions (at high frequencies). The SED peaks shift at lower
frequencies as the power of the jet increases, at least in the case
of known blazars (Fossati et al. 1998; Donato et al. 2001; for a
different interpretation see Giommi et al. 2012). Since at high red-
shift we expect to see only the most powerful objects, both this ef-
fect and the redshift itself will contribute to shift the observed SED
at lower frequencies. This affects the search of high–z candidates
⋆ Email: tullia.sbarrato@brera.inaf.it
and their classification as blazars. In fact, at low redshift, complete
surveys of blazars can be obtained with γ–ray instruments, like
the Large Area Telescope (LAT) onboard the Fermi Gamma–Ray
Space Telescope (Fermi; Atwood et al. 2009). The γ–ray emission
is therefore the most common blazar fingerprint. At high redshift
only the most powerful blazars are observable (see high–redshift
tail of blazar samples, e.g. Ajello et al. 2009; Ackermann et al.
2011), i.e. the ones peaking below 100 MeV in the rest frame, and
a factor (1+ z) less in the observer frame. Therefore these sources
are more and more difficult to observe in the γ–ray band as the
redshift increases.
On the other hand, the high–energy component of a powerful
blazar at high redshift can be observed in the X–ray range, mapping
the SED just below the IC peak. In fact, the Burst Alert Telescope
(BAT) onboard the Swift satellite (Gehrels et al. 2004) which is
less sensitive than Fermi/LAT (Ajello et al. 2009) and has detected
a much lower number of blazars, detected blazars up to redshift
definitely higher than Fermi/LAT itself. A jetted source can then be
classified as a blazar if it shows a hard X–ray spectrum [αX∼<0.6,
where F (ν) ∝ ν−αX ] along with an intense X–ray flux compared
to the optical one. Unfortunately, the identified sources in BAT do
not include blazars at z > 4, and there is no other hard X–ray
survey that can detect systematically blazars. This is why blazars at
z > 4 were only discovered serendipitously.
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To apply a more systematic approach to the search of high–
redshift blazars, we first considered an optical flux limited sample
covering a selected area of the sky. This is the Sloan Digital Sky
Survey (SDSS; York et al. 2000). From this, we selected a sam-
ple of good blazars candidates (Sbarrato et al. 2013a), from which
we already successfully classified our best candidate B2 1023+25
thanks to X–ray observations performed by Swift/XRT and NuS-
TAR (Sbarrato et al. 2012; 2013b). The second most distant object
of our selection, SDSS J1146+403 at z = 5 was confirmed as a
blazar too, with Swift/XRT observations (Ghisellini et al. 2014).
The most distant blazar known (Q0906+6930; Romani et al. 2004;
Romani 2006) was instead discovered serendipitously, and it is lo-
cated at z = 5.47.
The definition of “blazar” is somewhat subjective. Generally
speaking, a blazar is a source whose jet is seen at a “small” viewing
angle. But there is no exact definition of what “small” means. Here
we require θv < 1/Γ to classify a source as a blazar, mainly be-
cause in this way we can easily calculate the number of the parent
population: for each source observed at θv < 1/Γ, there must exist
other 2Γ2 sources pointing in other directions.
In this work, we will discuss the classification of other three
objects out of our sample, made possible by Swift/XRT observa-
tions. §2 describes the candidates final selection out of our sample
of radio–loud quasars; §3 provides the details of the observations
performed by Swift; in §4 we discuss orientations and other features
derived by fitting the observed data; §4.1 compares our results with
what observed in the most known high–redshift blazars, while §5
put our findings in the wider picture of extremely massive black
holes in the early stage of our Universe; in §6 we summarize our
findings.
We adopt a flat cosmology with H0 = 70kms−1Mpc−1 and
ΩM = 0.3.
2 CANDIDATE SELECTION
We selected our candidates from a sample of z > 4, extremely
radio–loud quasars included in Sbarrato et al. (2013a). The selec-
tion we applied in our previous work had the main goal of col-
lecting the highest–redshift jetted quasars that most likely have
their jets directed near our line of sight, out of the Quasar Cat-
alog (Schneider et al. 2010) from the 7th SDSS Data Release
(SDSS DR7). We built our sample of good candidates at z > 4
by selecting those quasars with a large radio–loudness, i.e. R =
F1.4GHz/F
2500A˚
> 100 (rest frame frequencies). Since the emis-
sion from the jet is relativistically beamed along the emitting di-
rection, the dominance of its radio flux over the optical flux (which
is quasi–isotropic, being emitted by the accretion disc) is enhanced
if the jet is directed towards our line of sight. On the other hand,
the radio–loudness does not allow us to infer the exact orientation
of the jet with respect to our line–of–sight, therefore preventing us
from precisely classifying our candidates. We need another feature,
which is provided by the X–ray flux and slope. If pointing at us, in
fact, the high energy component should dominate the bolometric
non–thermal luminosity, implying a strong X–ray flux even in the
classical [0.3–10] keV range, characterized by a hard spectrum in-
dicating that the peak of the νFν flux is at ∼MeV energies. To this
aim, we selected our three best candidates to be observed by Swift:
they are the sources with the largest radio–loudness and the most
intense radio flux.
We selected the two best candidates from our restricted sam-
ple of 19 SDSS quasars, i.e. SDSS J222032.50+002537.5 and
SDSS J142048.01+120545.9 (z = 4.205, R = 4521 and z =
4.034, R = 1904, respectively). Along with these sources, we in-
cluded in our observations one extremely radio–loud and radio–
luminous quasar not included in the SDSS DR7 Quasar Catalog,
but coming from a compilation of z > 4 quasars made by Djorgov-
ski1, i.e. PMN J2134–0419 (z = 4.346, R = 15843). Even if not
selected from the blazar candidates in Sbarrato et al. (2013a), PMN
J2134–0419 is included in the field of the SDSS+FIRST survey. In
fact, this object was photometrically observed in the SDSS, but it
was not included in the SDSS DR7 quasar catalog because it did
not fulfill the requirements of the color–based high–redshift quasar
selection. Nevertheless, it is included in the same field as SDSS
J222032.50+002537.5 and SDSS J142048.01+120545.9. This is
important to correctly estimate the number of misaligned quasars
inferred thanks to our observations (see §4).
The already mentioned successful classifications of
B2 1023+25 and SDSS J1146+403 at z > 5 (Sbarrato et al.
2012; 2013b; Ghisellini et al. 2014; see §1) strengthen the validity
of our selection method, and encourage us to continue the detailed
classifications of our candidates.
2.1 Black hole mass estimate
The knowledge of the black hole mass is crucial to study high red-
shift blazars. Because of the extremely high redshift, commonly
used virial methods can rely only on CIV emission line. SDSS
J222032.50+002537.5 and SDSS J142048.01+120545.9 have virial
black hole mass estimates derived from CIV line luminosity, since
they have been analyzed by Shen et al. (2011) as part of the SDSS
DR7 quasar catalog. In the original sample of blazar candidates
(Sbarrato et al. 2013a), the most distant quasars do not show any of
the emission lines calibrated for the virial methods, since at z > 4.7
even CIV falls outside the SDSS spectra energy range. Moreover,
the SDSS does not provide a spectrum for PMN J2134–0419.
To derive consistently the MBH for the whole Sbarrato et al.
(2013a) sample, we applied a different method, that can be ex-
tended also to this source. We took advantage of the large power
of our sources, implying a low frequency peak of the synchrotron
component, leaving the accretion disc flux “naked” and thus dom-
inating the UV–optical–IR emission. With a good optical–IR data
coverage, it is possible to directly fit the accretion disc emission
with a simple model. Since in this kind of objects the CIV and/or
the Lyα lines are clearly visible, we can expect that their accre-
tion structures are radiatively efficient. We thus apply the simplest
model for radiatively efficient disc, i.e. the geometrically thin, opti-
cally thick accretion disc introduced by Shakura & Sunyaev (1973).
According to this model, the emitted SED can be fitted with a mul-
ticolor black body spectrum, that depends only on the central black
hole mass MBH and on the accretion rate M˙ , directly traced by the
overall disc luminosity through Ld = ηM˙c2.
Calderone et al. (2013) studied in depth the method and ap-
plied it to a sample of radio–loud Narrow Line Seyfert 1s, deriving
some interesting features of the model. Specifically, we are inter-
ested in the relation between the peak luminosity and the overall
luminosity of a multicolor black body spectrum. They found that
Ld = 2νpLνp , and therefore if the peak is clearly visible in the
observed SED, an estimate of Ld can be easily derived. This is the
case for the three objects we are considering. Deriving from the vis-
ible peak emission the overall disc luminosity leaves a single free
1 http://www.astro.caltech.edu/
˜
george/z4.qsos
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Name ObsID Exp NH Fnorm ΓX F obs0.3−10keV Cash/d.o.f. v
[ks] [1020] [10−4] [10−13] [mag]
SDSS J142048.01+120545.9 00032625001 21.8 1.74 3.3+2.5
−1.5 1.6± 0.3 1.7 64.13/65 20.43 ± 0.10
00032625002
PMN J2134–0419 00032624001 25.1 3.34 2.7+2.5
−1.3 1.6± 0.3 1.4 52.36/55 21.11 ± 0.21
00032624002
00032624003
SDSS J222032.50+002537.5 00032626001 30.7 4.41 1.1+1.1
−0.6 1.4± 0.3 1.0 53.30/51 21.16 ± 0.18
00032626002
00032626003
Table 1. Summary of XRT and UVOT observations. The column “Exp” indicates the effective exposure in ks, while NH is the Galactic absorption column in
units of [1020 cm−2] from Kalberla et al. (2005). Fnorm is the normalization flux at 1 keV in units of [10−4ph cm−2s−1keV−1], ΓX is the photon index
of the power law model [F (E) ∝ E−Γ], F obs
0.3−10keV
is the observed flux in units of [10−13 erg cm−2 s−1]. The next column indicates the value of the
likelihood (Cash 1979) along with the degrees of freedom. The last column reports the observed v magnitude (not corrected for absorption).
parameter to the accretion disc fitting process, i.e. the black hole
mass. At this condition of peak visibility, the average uncertainty
on the black hole mass estimate is a factor 2–2.5. If the peak is not
visible, instead, the average uncertainty reaches a factor 3.5–4, i.e.
similar to the uncertainties obtained applying virial methods (Ves-
targaard & Peterson 2006).
The optical–IR complete data coverage of SDSS
J222032.50+002537.5 and SDSS J142048.01+120545.9 is
achieved thanks to SDSS spectra, the IR photometry from the
Wide–field Infrared Explorer (WISE2; Wright et al. 2010) and
the optical–IR photometry obtained from the Gamma–Ray Burst
Optical–Near Infrared Detector (GROND; Greiner et al. 2008).
This allowed us to derive for both black hole mass estimates
of log(MBH/M⊙) = 9.30 in Sbarrato et al. (2013a). PMN
J2134–0419, instead, was not included in that observational
campaign, and thus lacks GROND data. Nevertheless, the peak
of the accretion disc emission is visible also in this case (see Fig.
1, right panel), and we could derive a black hole mass estimate
for this object following the same method. We obtain a mass of
log(MBH/M⊙) = 9.26, confirming that this blazar candidate
hosts an extremely massive black hole. The good spectral coverage
of the peak of the disk emission limits the uncertainties on the mass
value to a factor 2. Note that optical and IR data are not simulta-
neous, but we do not expect strong variations in this wavelength
range (repeated GROND observations of the analogous object B2
1023+25 did not show variability at all, Sbarrato et al. 2013b).
3 OBSERVATIONS AND DATA ANALYSIS
The analysis of the data from the X-Ray Telescope (XRT, Burrows
et al. 2005) and UltraViolet Optical Telescope (UVOT, Roming et
al. 2005) onboard the Swift satellite has been done by using HEA-
Soft v 6.16 and the CALDB updated on 2014 September 4 and by
following standard procedures as described e.g. in Sbarrato et al.
(2012). Because of the low statistics, X–ray data were analysed by
using unbinned likelihood (Cash 1979).
Table 1 shows the parameters of our analysis, with effective
exposure, Galactic absorption, observed flux and photon index of
the power law model for each source, along with the observation
IDs.
2 Data retrieved from http://irsa.ipac.caltech.edu/
4 JET AND ORIENTATION
With the X–ray data, we complete a good coverage of the SEDs of
all our candidates. Figures 1 and 2 show the SEDs of the 3 blazar
candidates. The red points in the X–ray band are the new Swift/XRT
data. All the other data points are described in the captions. The
grey stripes show the sensitivity limit of Fermi/LAT. We fitted the
observed data with the one–zone leptonic model described in Ghis-
ellini & Tavecchio (2009). In this model, relativistic electrons in
the jet emit by synchrotron and IC processes, and their distribution
is derived through a continuity equation in which we assume con-
tinuous injection, radiative cooling, possible pair production and
emission. The particle distribution responsible for the emission is
calculated to occur at a time R/c after the injection, where R is the
size of the emitting region, located at a distance Rdiss from the cen-
tral engine. We observe the jet under a a viewing angle θv from the
jet axis. Besides the jet emission, we take into account the emission
from the accretion disc (particularly important to derive the black
hole mass), the dusty torus and the hot thermal corona surrounding
the disc itself.
Fitting the overall SED, we obtain a set of parameters describ-
ing the source and its emitting condition. Two characterizing pa-
rameters are the viewing angle θv and the bulk Lorentz factor Γ
of the emitting region. For each of our candidates, we present two
models, summarized in Table 2. The best representation of the data
is shown by the blue lines in Figures 1 and 2. In all the three cases,
this “best fit” describes a source seen under a viewing angle smaller
than the jet beaming angle, i.e. θv < 1/Γ. This allows to classify
the three candidates as blazars, according to our criterion. The cor-
responding sets of parameters are consistent with what found for
other powerful blazars. The other sets of parameters describe mod-
els with the largest possible jet viewing angle consistent with our
data. To reproduce the same X–ray and radio fluxes, we have to
associate smaller Lorentz factors compared to the “best fit”, along
with the parameters in the second line of each source of Table 2.
The models described by these different sets of parameters are rep-
resented by green solid lines in Figure 2.
As a consistency check, for each source we test how an object
with this last set of parameters would look like if seen at θv < 1/Γ,
i.e. under a typical viewing angle for blazars θv = 3◦. These
“re–oriented” models are shown in the figures with the dashed
green lines. In the cases of SDSS J142048.01+120545.9 and SDSS
J222032.50+002537.5 (Figure 2), the resulting SEDs are extremely
luminous in the X–rays. Although similar luminosities have al-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Left panel: full SED of PMN J2134–0419. The blue solid line shows the best representation of the data. The green solid line is the fit made with
largest possible viewing angle (second line of this source in Table 2), while the green dashed line is the model with the same parameters, but “re–oriented”
with a viewing angle θv = 3◦ . The black dashed line is the thermal emission from accretion disc, torus and corona. The blue dashed line is the extrapolated
F (ν) ∝ ν0 from the observed radio data at lowest frequencies. Red data point are the new Swift/XRT and UVOT observations, purple and/or green data
points are archival data. The curved grey stripe corresponds to the sensitivity of Fermi/LAT after 5 years of operations (5σ). Right panel: zoom of the SED on
the IR–optical–UV wavelength range, to display the accretion disc fitting performed to measure the central black hole mass (log(MBH/M⊙) = 9.26). The
blue solid line shows the best representation of the data, purple data and upper limit are from WISE All–Sky Catalog, black empty data point are archive data,
while the red point is the UVOT detection.
Figure 2. SEDs of the two sources from the sample in Sbarrato et al. (2013a), observed by Swift/XRT: SDSS J142048.01+120545.9 (left panel) and SDSS
J222032.50+002537.5 (right panel). In both figures, lines and data are as in Figure 1, left panel.
ready been observed in some known high–z blazars, such as GB
1428+4217 (z = 4.72; Worsley et al. 2004) and RX J1028–0844
(Zickgraf et al. 1997; Yuan et al. 2000), there would be some
problems with the radio luminosity. If we extrapolate from the
existing radio data of the two sources a slope of Fν ∝ ν0 (i.e.
the expected flat spectrum for a blazar), the “re–oriented model”
would exceed that limit. Moreover, the “re–oriented” version of
SDSS J222032.50+002537.5 would also be detected by Fermi/LAT
in the γ–rays, while so far no such object has been detected by
LAT (Fermi/LAT sensitivity is shown in Fig. 1 and 2 with the
grey shaded area). These problems lead us to discard this solu-
tion, preferring the one with a small viewing angle and a large Γ:
if such objects existed, they would have been so luminous that they
would already have been detected, and they were not. Therefore
c© 0000 RAS, MNRAS 000, 000–000
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Name z Rdiss M RBLR P ′i Ld B Γ θv γb γmax s1 s2
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [13]
SDSS J142048.01+120545.9 4.034 360 (600) 2e9 725 6e–3 53 (0.18) 2.6 13 3 100 3e3 1 2.5
360 (600) 2e9 725 0.2 53 (0.18) 3.4 10 8 10 3e3 –1 2.5
PMN J2134–0419 4.346 432 (800) 1.8e9 972 7e–3 95 (0.35) 2.9 13 3 70 4e3 0 2.6
540 (1e3) 1.8e9 972 0.08 95 (0.35) 3.0 10 6 70 4e3 –1 2.6
SDSS J222032.50+002537.5 4.216 360 (600) 2e9 671 3e–3 45 (0.15) 2.4 13 3 100 3e3 1 2.2
540 (900) 2e9 671 0.2 45 (0.15) 2.1 10 8 40 3e3 –1 2.2
Table 2. List of parameters used to construct the theoretical SED. Col. [1]: name; Col. [2]: redshift; Col. [3]: dissipation radius in units of 1015 cm and (in
parenthesis) in units of Schwarzschild radii; Col. [4]: black hole mass in solar masses; Col. [5]: size of the BLR in units of 1015 cm; Col. [6]: power injected
in the blob calculated in the comoving frame, in units of 1045 erg s−1; Col. [7]: accretion disk luminosity in units of 1045 erg s−1 and (in parenthesis) in
units of LEdd; Col. [8]: magnetic field in Gauss; Col. [9]: bulk Lorentz factor at Rdiss; Col. [10]: viewing angle in degrees; Col. [11] and [12]: break and
maximum random Lorentz factors of the injected electrons; Col. [13] and [14]: slopes of the injected electron distribution [Q(γ)] below and above γb; The
total X–ray corona luminosity is assumed to be in the range 10–30 per cent of Ld. Its spectral shape is assumed to be always ∝ ν−1 exp(−hν/150 keV).
SDSS J142048.01+120545.9 and SDSS J222032.50+002537.5 can
be classified as blazars, both with Γ = 13 and θv = 3◦.
We repeat the fitting and the analysis on the third candidate,
PMN J2134–0419. In this case, the largest angle solution gives
θv = 6
◦
. We repeated the consistency check studying a blazar with
the same parameters as the large–angle version of PMN J2134–
0419, but directed at smaller viewing angle (θv = 3◦). In this case
the re–oriented model is not far from the SED at θv = 6◦, since
the viewing angles are closer. The re–oriented model is also not
completely unreasonable. For this object, therefore, we can state
that the viewing angle is in the range 3◦ − 6◦, with corresponding
Lorentz factors of 13− 10.
To obtain a confirmation of the classification of these sources
as blazars, and possibly a more precise estimate of θV and Γ, fur-
ther observations would be useful: the NuSTAR satellite could prove
the behavior of these sources in the hard X–rays, clearly discrimi-
nating between a blazar solution (Γ = 13; θv = 3◦) and a slightly
larger viewing angle associated with a smaller Lorentz factor. Fur-
thermore, the peak of the radio emission could be observed with
the Atacama Large Millimiter/submillimiter Array (ALMA) or the
Square Kilometre Array (SKA), that cover that wavelength range
and has the sensitivity to detected the emission from this kind of
sources.
4.1 Comparison with known blazars
To put these three objects in the wider picture of known high–
redshift blazars, we compare them with the most studied ob-
jects. Fig. 3 shows our three blazar candidates compared with the
three blazars known at z > 5 (Q0906+6930, B2 1023+25, SDSS
J1146+403) and the two best studied blazars at 4 < z < 5 (GB
1428+4217 and RX J1028–0844). It can be immediately noticed
that GB 1428+4217 and RX J1028–0844 are much more luminous
in the X–rays than the other blazars considered. This is likely con-
nected to the fact that those two objects where discovered serendip-
itously, and therefore they must be the most luminous sources of
their kind. Our systematic approach, instead, chases less extreme
blazars, since we start our selection from their optical features, that
trace the disc accretion and not the jet, and we selected them from
a complete optical quasar catalog.
To understand how our fits are sensitive to the viewing angle,
Figure 3 also shows how a SED with fixed parameters can vary with
Figure 3. Comparison of SDSS J142048.01+120545.9, SDSS
J222032.50+002537.5 and PMN J2134–0419 (red filled circles, green
filled squares and blue filled triangles, respectively) with the three z > 5
and the two most known z > 4 blazars (data as labelled). GB 1428+4217
and RX J1028–0844 have X–ray spectra much more luminous than the
other objects, as expected in case of objects found serendipitously. Super-
posed to the data (solid black lines), SEDs of a typical powerful blazar
oriented at different viewing angles (as labelled). Note how the observed
flux from the external Compton emission is strongly dependent on the
viewing angle (Dermer 1995), more than the corresponding synchrotron
radiation. This shows why the X–ray data help in finding the correct
viewing angle.
small variations in the viewing angle. The difference between the
extreme blazars GB 1428+4217 and RX J1028–0844 and our three
blazar candidates (along with the three z > 5 confirmed blazars)
could be just due to a difference in orientation of 4◦. Strong beam-
ing is responsible for such extreme variations. The beaming pattern
produced by a relativistically moving source that emits for exter-
nal Compton (as expected in FSRQs as our high–z blazars) is in
fact strongly dependent on the viewing angle, through the beam-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Comoving number density of supermassive black holes with MBH > 109M⊙ hosted in radio–quiet (blue line, derived from the luminosity
function by Hopkins et al. 2007) and radio–loud quasars (orange line). The radio–loud density is obtained from blazar number densities, by multiplying them
by 450 = 2Γ2 (Γ = 15). Blue data and the light blue line are derived from the γ–ray luminosity function obtained by Fermi/LAT (Ajello et al. 2012). Red
data points and the yellow line are derived from the [15–55keV] luminosity function from Ajello et al. (2009), modified as in Ghisellini et al. (2010). All the
number density functions are derived by integrating the corresponding luminosity functions at luminosities larger than what labelled in Figure, to ensure that
correspond to MBH > 109M⊙. Such a cut in luminosity selects objects that are the most luminous in their corresponding bands, other than the most massive.
Green pentagons represent the state of the art before the beginning of our project, with 4 serendipitous blazars in the 4 < z < 5 bin and the single detection of
Q0906+6930 at z > 5. The yellow pentagons are instead the number densities derived from our results. In the redshift frame 5 < z < 6 the data point is given
by the two blazars we classified at z > 5 (B2 1023+25 and SDSS J1146+403, both in the SDSS+FIRST region of the sky). At 4 < z < 5 the new (yellow)
lower limit is provided by the two already known high–z blazars in the SDSS+FIRST survey (SDSS J083946.22+511202.8 and SDSS J151002.92+570243.3),
along with the three classifications we perform in this work. Our results confirm the existence of an early peak (z ∼ 4) of black hole formation in jetted AGN,
in contrast to the main formation epoch of massive radio–quiet quasars (z ∼ 2.5).
ing factor δ = [Γ(1 − β cos θv)]−1. Dermer (1995) calculated
that the observed flux of such a relativistic emitting region goes
as δ4+2α, where α is the energy spectral index of the emitted radi-
ation. This dependence is stronger than the one characterizing syn-
chrotron emission, which is∝ δ3+α. This determines the variations
of radio emission as a function of viewing angle3. It is worth to no-
3 In our one zone model the radio emission is self–absorbed, but the ex-
tice that this is the reason why observations of high–energy humps
are necessary to classify a source as a blazar, while the radio lu-
minosity alone is not enough. The high–energy emission is in fact
more sensitive to viewing angle variations than the synchrotron.
pected change of the flux as we change θv can be seen through the far IR
synchrotron emission that shows a smaller range of variation than the hard
X–rays.
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5 TWO EPOCHS FOR BLACK HOLE FORMATION?
Our three blazars join the other two blazars already known in
the SDSS+FIRST region of the sky in the redshift bin 4 <
z < 5 and with a black hole mass MBH > 109M⊙: SDSS
J083946.22+511202.8 and SDSS J151002.92+570243.3 (Sbarrato
et al. 2013a). They allow us to infer the existence of a large num-
ber of jetted quasars analogous to the 5 blazars. Since they are all
observed with θv < 1/Γ, each of them traces the presence of
∼ 2Γ2 = 338(Γ/13)2 quasars with MBH > 109M⊙. Since the
SDSS+FIRST survey covers 8770 deg2, the 5 blazars imply that
over the whole sky there must exist ∼ 7700 jetted AGN with sim-
ilar intrinsic properties, namely similar black hole masses. The co-
moving volume in the redshift frame 4 < z < 5 is ∼ 425 Gpc3,
therefore we can conclude that there must be at least 18 radio–loud
AGN per Gpc3 with masses MBH > 109M⊙, hosted in jetted sys-
tems.
How does this conclusion fit in the current paradigm of su-
permassive black holes in the early Universe? Fig. 4 shows the co-
moving number density of extremely massive black holes (MBH >
109M⊙) hosted by radio–quiet (blue line, derived as in Ghisellini
et al. 2010 from the mass function in Hopkins et al. 2007) and
radio–loud AGN [orange line, derived from Fermi/LAT (Ajello et
al. 2012) and Swift/BAT (Ajello et al. 2009) blazar luminosity func-
tions as in Ghisellini et al. 2010]. Note that at z > 4 the comoving
number density of jetted quasars is no more supported by data from
the two blazar surveys (Fermi/LAT and Swift/BAT). Before the be-
ginning of our systematic search of high–redshift blazar candidates
(see Ghisellini et al. 2010; 2013), the serendipitous blazars known
at z > 4 (green pentagons) could not provide sufficient statistics to
continue the calculation of comoving number density. For z > 4
the density was assumed to decrease exponentially, as the corre-
sponding one for radio–quiet objects.
Nevertheless, a hint of different density distributions between
jetted and non–jetted objects was already visible in Ghisellini et al.
(2010) and Ghisellini et al. (2013). The two yellow pentagons in
Fig. 4 are the (all–sky) number densities derived from the 5 blazars
at 4 < z < 5 contained in the SDSS+FIRST sky area (3 from
this work and 2 from Sbarrato et al. 2013a) and the two blazars
we classified at z > 5 (B2 1023+25 at z = 5.3, Sbarrato et al.
2012, 2013b; SDSS J1146+403 at z = 5, Ghisellini et al. 2014).
Our observations clearly push towards an interesting conclusion:
the density of extremely massive black holes hosted in jetted sys-
tems peak at least around z ∼ 4, while the non–jetted systems peak
at z ∼ 2 − 2.5. This suggests two different epochs of SMBH for-
mation, and the black holes that grow developing a jet seem to be
born earlier, and/or to grow faster.
The presence of a jet in AGN is commonly linked to high val-
ues of black hole spin. This does not facilitate a fast accretion,
according to the common knowledge. Maximally spinning black
holes (i.e. with dimensionless spin values a ∼ 0.998) accrete
from accretion discs that are thought to be more efficient radia-
tors (η = 0.3; Thorne 1974). Spending energy in radiation makes
the accretion of matter on the black hole much less efficient, slow-
ing down the accretion process. As explained in Ghisellini et al.
(2013), in fact, a spinning black hole accreting at Eddington rate
would need 3.1 Gyr to grow from a seed of 100M⊙ to 109M⊙ (ig-
noring black hole merging). This would imply that such massive
black holes should not be visible at z > 2.1, while their preferen-
tial formation epoch seems to be around z ∼ 4. In Ghisellini et al.
(2013) some options for a faster accretion in presence of a jet are
explored. The available energy, in fact, is not all radiated away, but
contributes to amplifying the magnetic field and thus launching the
jet. Considering this, the accretion is faster, but black holes with
MBH > 10
9M⊙ are still hard to form before z ∼ 4− 5.
6 CONCLUSIONS
In this work, we observed with Swift/XRT three blazar candidates
contained in the SDSS+FIRST survey, having redshifts between
4 and 5 and black hole masses exceeding 109M⊙. We can clas-
sify SDSS J142048.01+120545.9, SDSS J222032.50+002537.5
and PMN J2134–0419 as blazars, thanks to the their bright and hard
X–ray spectrum. The full SED fitting in fact requires bulk Lorentz
factors Γ ∼ 13, and viewing angles θv ∼ 3◦.
These three newly classified blazars join the other two already
known in the same region of the sky, same redshift bin, and black
hole mass exceeding 109M⊙. We can then infer the presence of at
least ∼18 extremely massive black holes per Gpc3 hosted in jetted
systems in the redshift frame 4 < z < 5, i.e. ∼ 7700 in the whole
sky.
Populating the high–redshift density function of jetted AGN
provides interesting constraints to supermassive black hole forma-
tion and evolution models. Our results confirm the existence of two
different formation epochs for supermassive black holes: the most
extremely massive objects seem to form earlier, at z ∼ 4, in jetted
than in non–jetted systems, whose peak is at z ∼ 2.5.
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